ion, and other inorganic compounds as terminal oxidants have been subjects of numerous investigations. In contrast, physiological studies addressing dissimilatory Fe3+ reduction by microbes are almost nonexistent. Ferricyanide reduction with NADH by membrane vesicles of Bacillus subtilis (1) or with formate by Escherichia coli membrane vesicles (4) was linked to a functioning electron transport chain. It was suggested that there were two sites of ferricyanide reduction, one of which was the nitrate reductase. Under anaerobic conditions, ferricyanide reduction generated sufficient proton motive force to drive active transport of amino acids. Using membranes from cells of Aquaspirillum itersonii, Dailey and Lascelles (7) obtained evidence for Fe3+ reduction with NADH or succinate as the reductant.
From studies with respiratory inhibitors, they concluded that the terminal Fe3+ reductase accepted electrons from donors at one or more sites before cytochrome c in the electron transport chain. It is extremely interesting that aeration abolished the Fe3" reductase activity but not in the presence of antimycin A, suggesting that inhibition was due interacted with a reduced component of the electron transport chain that preceded cytochrome b.
Bacterial substrate oxidation is accompanied by extrusion of protons to the cell exterior (12) . With a substrate in excess, protons are translocated across the cytoplasmic membrane in direct proportion to the quantity of an available suitable terminal electron acceptor. Proton translocation measurements (12) have been widely used to assess bacterial respiration with diverse oxidants. In this paper, we present evidence obtained with this technique for iron respiration in several species of aerobic bacteria.
Bacteria and culture conditions. A. magnetotacticum strains were cultured microaerobically at 28°C in static bottles containing MSGM medium, which contains 1.8 mM NaNO3, 6 mM succinate, and 20 ,uM ferric quinate as the nitrogen, carbon, and Fe3+ sources, respectively (2) . The nonmagnetic strain used in this study was a subclone of strain NM-1A. Nonmagnetic strain NM-1A was obtained from strain MS-1 by plating 0.1 ml (107) of cells on MSGM medium containing 0.005% sodium metabisulfite (1.0% agar). The plates were incubated in air for 14 days at 30°C. to "diversion of reductant into the terminal oxidase system" Two white, raised, circular colonies which appeared on one (7).
plate consisted of spirilla similar in size and morphology to Lascelles and Burke (11) examined Fe3" reduction by cells of A. magnetotacticum. As expected of cells grown at membranes of Staphylococcus aureus and, from results of high 02 concentrations (2, 3), they lacked magnetosomes studies with respiratory inhibitors, concluded that Fe3+ and, although motile, were not magnetotactic. Unlike cells of the parent colonies, cells from each of these colonies, when inoculated into liquid culture medium and grown microaerobically, failed to synthesize magnetosomes after shown to have guanine-plus-cytosine contents (64 to 65 mol%) and outer membrane protein profiles similar to those of strain MS-1. A. itersonii E12639 (University of New Hampshire culture collection) was cultured with swirling (100 rpm) at 30°C in Fembach flasks containing MSGM medium plus 0.1% yeast extract. B. subtilis 6633 and E. coli CSH27 (University of New Hampshire culture collection) were cultured with swirling (100 rpm) at 37°C in Fernbach flasks containing tryptic soy medium (Difco Laboratories, Detroit, Mich.).
Cell preparations. Cells were harvested at the mid to late exponential phase of growth by using a Pellicon filtration system (Millipore Corp, Bedford, Mass.) and were concentrated by centrifugation. They were washed twice in 150 mM KCl (pH 7.1) at 4°C and resuspended in 10 ml of the same to a density of more than 2 x 1010 cells ml-'.
Oxidant pulse studies. The apparatus, reagents, and experimental techniques used for oxidant pulse studies were those of Kristjansson et al. (10) and Castignetti and Hollocher (5). The reaction vessel was a 5-ml vial containing a small magnetic stir bar and fitted with a rubber closure. A combination pH electrode (Value Mark model H-445; Markson Science) and needles for gas inlet and outlet were inserted through the closure. A Beckman Altex model 71 pH meter was used with a recorder set to 0.1 pH unit, full scale. To a 2-ml cell suspension (in KCl) in the vial were added triphenylmethylphosphonium bromide (TPMP+) at 0.6 mM and 7.2 U of carbonic anhydrase. The contents were then flushed with 02-free N2 and continuously stirred for 20 min to render them anaerobic. Subsequently, the pH of the suspension was adjusted to ca. 7.1 with an anaerobic solution of 0.01 N NaOH.
Chemicals were prepared in gas-tight serum vials as dissolved gasses or solids in 150 mM KCI and made anaerobic by first heating the contents to 45°C and then cooling them with repeated evacuation of the headspace, followed by replacement with 1 atm (101.29 kPa) of 02-free N2 immediately prior to use. For tests with 02, a known quantity of pure 02 was equilibrated in 4 ml of 150 mM KCl in a 9-ml serum vial prepared as described above. Dissolved 02 was calculated by assuming 1.16 mM 02 atm-1 (6) . Nitrate was prepared as 2 mM NaNO3 in 150 mM KCl. Iron was prepared as ferric quinate (2 mM) or ferric chloride (2 or 5 mM) in 150 mM KCl. The pH of chemicals tested as potential oxidants was adjusted to 7.10.
Iron reduction and nitrate reductase. Iron reduction by intact cells was determined with Ferrozine [3-(2-pyridyl)-5,6-bis-(4-phenylsulfonic acid)-1,2,4-triazine; Sigma Chemical Co., St. Louis, Mo.] (13). Nitrate reductase was assayed in cell-free extracts by coupling to NADH oxidation (9) .
Cells contained sufficient endogenous substrate for respiration, as determined by 02 consumption rates measured with a polarographic electrode (YSI model 53 oxygen monitor). They generated proton pulses repeatedly for up to several hours with each addition of suitable oxidant. Pulse amplitudes were quantified by using the graphic methods of Scholes and Mitchell (12) . The magnitude of the measured proton pulse was correlated with the molar concentration of extruded protons by injecting a known quantity of anaerobic 0.01 N HCl. The effects of oxidants and inhibitors were tested by adding appropriate quantities as anaerobic solutions directly to the reaction vessel.
Washed cell suspensions of B. subtilis 6633, E. coli CSH27, and A. magnetotacticum MS-1 but not nonmagnetic A. magnetotacticum NM-1A or A. itersonii E12639 (Table 1) 
